Prestack depth migration for complex 2D structure using phase-screen propagators

Peter Roberts*, Lian-Jie Huang, Los Alamos National Laboratory, Charles Burch, Conoco Inc., Michael Fehler and

Steven Hildebrand, Los Alamos National Laboratory.

Summary

We present results for the phase-screpropagator
method applied to prestack depthigration of the
Marmousisynthetic dataset. The dataere migrated as
individual common-shot records and the resultpaytial
images were superposed to obtain the finalomplete
image. Testavereperformed to determine theinimum
number of frequencgomponentsrequired toachieve the
best quality image and this in turn providestimates of
the minimum computing time. Running on single
processor SUN SPARC Ultra 1, high quality imagese
obtained in as little as 8.TPU hours and adequate
images were obtained in as little as 4.4PU hours.
Different methods were tested fohoosing the reference
velocity usedfor the backgrounghase-shiftoperation
and for defining the slowness perturbationcreens.
Although the depths of some of the steemljpping,
high-contrastfeatureswere shifted slightly, the overall
image quality was fairlyinsensitive tothe choice of the
referencevelocity. Our tests show thephase-screen
method to be a reliablandfast algorithm for imaging
complex geologic structures, at ledstr complex 2D
synthetic data where the velocity model is known.

Introduction

Exploration geophysicistxontinue searchindor fast,
accurate seismic imaging algorithms that canused for
migrating large 3-dimensionasurvey data collected in
geologically complex regionsMethodsare soughtthat
can provide the image accuracy thedisting approaches
such as finite-differencere capable of producing, but
that can process the large volumes of data in a fraction of
the time. To this end, we have bewsting a Fourier
migration method, known alternatively as either the
phase-screeffHuang &Wu, 1996) or split-stepFourier
(Stoffa et al., 1990) method, omcreasingly more
complex model datarhe eventual goal is to determine
the method’s usefulness for 3D prestack deptgration

of large seismic surveysonducted overcomplex oil
bearing formations such as subsaltand overthrust
structures.

As an intermediate goal, the phase-screen method was
tested on prestack depth migration of the well-known 2D
Marmousi data, whichare synthetic common-shot
gathers generated by the Institut Francais du Pétrole (IFP)
for a model derived from th@eologic structure of the
CuanzaBasin in Angola (Bourgeois et al., 1991). The
Marmousi data have received considerable attention as an
“acid test” for seismicimaging andvelocity estimation

techniques (Versteeg, 1994). Virtuallwll popular
migration methods have bedasted on theMarmousi
data and significant differences are observed inirthege
quality obtained.Some examples of the bepublished
images were obtained using methods such é&site-
difference (Bevc,1997), common-offset split-step DSR
(Popovici, 1996), and semi-recursive Kirchoff(Bevc,
1997).

Figure 1 shows a grayscalplot of the Marmousi
velocity model. Most migration methods deell at
imaging the shallowefeatures of the thrust sheet and
listric faults. The most difficult areas to image accurately
are the anticlinal features under the thrust sheet under
the high-velocity salt wedges at thebottom of the
model. Perhaps the most critical part of the model to
image, in terms of petroleunprospects, isthe low-
velocity lens centered at about500 m horizontal
position and2500 m depthnear the top of thaleeper
anticlinal feature.
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Fig. 1 Marmousi velocity model used to test the accuracy
of the phase-screen method famaging complex
structures.

We present here a briefescription of thephase-screen
method and how it was used for prestack deptgration
of common-shot data. We then show images oflthst
phase-screen migration results obtainefbr the
Marmousi data using different frequency bandwidths.
Finally we discuss different methodier specifying the
background referenceelocity used, andheir effects on
the accuracy of the Marmousi migrated image.
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The phase-screen method

Phase-screen propagators have been in use for sorae
to model one-wayorward wavepropagation inlaterally
heterogeneous media.The algorithm for back
propagation ofzero-offset reflectiondata wagresented
by Stoffa et al. (1990)and given the name “split-step
Fourier” method. It is similar in many ways to thbase-
shift-plus-interpolation (PSPI) method ofGazdag &
Sguazzero (1984) except that the intermediate step of
interpolating multiple downwardcontinued depttslices

is replaced by asingle interactionwith a slowness
perturbation screen in the spatial domain at each depth.

The surface wavefieldP(x,z=0,t) is first Fourier
transformed overt. Then the downward continued

wavefield at each depth stef(x,z+Az), for each

frequencycomponentw, is obtained from therevious
depth step using:
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The phase-screen term is the first complexponential

on the right side of the equation. The secexgonential

is the background phase-shift term for laterally
homogeneous media. For prestack migration both source
andreceiver fields,Psand Py, are propagateddownward
simultaneously using the formulbove, where thesign

of the exponents in the screandphase-shiftterms are
taken positive for forward propagation of the source and
negative forbackwardpropagation othe receivefield.
Also, the complex conjugate of the two Fourier
transforms isusedfor the receiver field. Becaus®urce
and receivers are propagated simultaneously, the
imaging condition at each imagmint (x,2 for agiven
shot recordn, may be written:

@ 1.(x,2)= Z —icoPgn (X,Z,w)+ Pe. (X, Z,Ww).

For the Marmousi data, each shot-recaves migrated
separately and the resulting partial images=e summed
to obtain the final complete image. Thadlowed us to
use different referencevelocities, v,(z), for eachshot-
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record so that the velocity perturbations could be kept to
a minimum in different parts of the model. Thus, the final
complete image is obtained by summing thartial
images for all shot records:

3 loa (%,2) = > 1,(X.2).

In  general, phase-shift migration methods are
computationally efficientbecause of the heawyse of
fast Fouriertransforms, the avoidance afonvolution
integrals, and the ability to reduce the number of
frequencycomponents to be migratedhese features
make FFT methods particularlyuseful for sequential
common-shot migrationbecause the computational
overhead of processing one shot record at a tinmsmiall
and large multiple-shot datasets can be brokemown
into small independent partial migrations that can run on
a single processor. This, in turmakes it easy to
parallelize phase-shift algorithms by farming out
individual shotrecords to multipleprocessingelements
(e.g., Roberts et al., 1996).

Marmousi data migration

The Marmousi velocity model (Fig. 1) has maximum
physical dimensions of = 9200 m ana = 3000 m. The
model is gridded wittnx = 369 anchz= 751 gridpoints.
The Marmousi data set consists of 240common-shot
records with 96 receiver traces eacland 726
samples/trace. Shot and receiver spaciagboth 25 m
with a minimum offset of 200 mThe tracesampling
interval is 4 ms. To takdull advantage of the FFT's
efficiency in the phase-screen migration, &fipropriate
data and model dimensions were padded to the pmxer
of 2. Because wenly perform spatialFFT's on the x
dimension,the resulting migration imageea was 512
by 751 in size. For thaitial time-domainFFT'’s, each
trace was zero-padded to 1024 samplése waveletused
for the forward sourcepropagationwas derived from the
first reflected arrival on a receiver traoecordedover the
flat-layered portion of the modeThe maximunspectral
bandwidth of the data is approximately 10 - 50ddd is
peaked sharply at about 25 Hz. Thus, in@ necessary
to migrate frequencies outside of this band.

After the initial time-domain FFT, the selected frequency
componentsfor the sourceand each trace ofie current
shot record arestored in their propexk locations in the
two propagation arraysPs and P, respectively. The
remaining portions ofhese 512-element arrayse set
to zero and ax-taper is applied to the ends of thee
frequency-domain data. Aftechoosing anappropriate
reference velocity, the background phase-shjferators
andthe phase-screerare calculated for eaaltepth step

in the velocity model and Equation (1) is usedursively

to propagate the source and receiver fields downward, one
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frequency at d&ime. At each depthstep, theimaging
condition is applied to the curreffequencycomponent
and the result is added into teem in Equatioif2). Each
successive shot-record is processed in the sauaener
andthe partial imageare addedinto the cumulative
summation in Equation (3). For thests reportechere,
the phase-screemode was runserially on asingle-
processor workstationwith shot records processed
sequentially.

Results

Migration testswereperformed mainly to determine the
maximum accuracy anprocessing efficiencybtainable
with the phase-screen method’he twoadjustable
parameters we felivere most important to test first are
the migration frequency band andhe background
reference velocity. The frequency band and actual number
of frequenciesused will affect both the accuracy and
computing speed,whereas the choice of reference
velocity will affect only the accuracy.

The best image obtained so far is shown in Figure 2. This
image was produced using 80 frequency components from
10 to 50 Hz. A different referenogelocity wasused for
each shot record as follows. At each depth in the velocity
model we averaged theelocities over all horizontal
positions within eachshot record’s physical bounds,
i.e., between the shot location itselfiidthe location of

the furthest receiver for thashot. This allows the
reference velocity to vary across different regions of the
model and helps to keep themaximum velocity
perturbations within the range o&pplicability for
phase-screen migration.

As shown clearly in Figure 2, the phase-scraeathod
produces a highly detailed and accurate migrated image of
the Marmousi dataThe deepmnticlinal features in the
target prospect zone beneath the sadtiges arémaged
particularly well. This specificrun with 80 frequencies
completed in 17.4 CPU hours orsmgle-processor SUN
SPARC Ultra 1 workstation.

Figures 3 and 4 show the effects of reducing the number
of frequencycomponentsused in the migration. The
frequency band wasuccessively halved until thienage
started losing significant detail.Figure 3 shows the
image obtained for 40 frequencies from 15 to 35 Hais
image retains all of the most importastructuraldetails
seen in Figure 2, but the migration completed in 8.7 CPU
hours. In Figure 4, only 20 frequencies from 20 to 30 Hz
were usedandthe run completed in 4.4CPU hours. The
general structurandthe anticlinal targetzone are still
imaged well enough to identify the major features, but
the Ilimited bandwidth does not provideenough
resolution to discern some of the finayering. We feel
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this image is nearing the limit ofvhat might be
considered adequate for production prospecting.
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Fig. 2 Image obtained bgommon-shot prestacllepth

migration of thelFP Marmousisynthetic dataset using
the phase-screen methoBrequencycomponents from
10 to 50 Hz were used in the migration.
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Fig. 3 Same adig. 2, exceptfrequency rangeused in
migration is 15 to 35 Hz.
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Fig. 4 Same adig. 2, exceptfrequency rangeused in
migration is 20 to 30 Hz.
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The tests we performed on adjusting the reference
velocity showed surprisingly little difference in the
image quality. Narrowing the width of thaveraging
region under eackhot record by1/2 had nodiscernible
effect at all. The largest discrepancies relative to the
image in Figure 2vereobserved when we averaged the
entire model over alhorizontal positions atachdepth
and used this single average profile as the reference
velocity for everyshot record. Inthis case, thedeep
anticlinal targetremained unchanged, buwgignificant
errors were observed in thdocations of some of the
high-contrast, steeply dippingvents associatedvith
the thrust sheet and listric faults.

Discussion

The phase-screen method has been use inother
scientific disciplinesfor some time, bubnly recently
was introduced in the seism&xploration community as
primarily a poststack method for small velocity
perturbations(Stoffa et al.,1990). It has sincéeen
extended to allow multiple referenaelocities within
single shot records (Kessinger, 1992)and has been
successfully tested on common-offdeER migration of
the Marmousidata (Popovici, 1996). Wehave applied
the phase-screen method directly to tbemmon-shot
Marmousi data and demonstrated that it waeksremely
well for prestack migration without theneed for re-
sorting traces.Because thghase-screen propagator is
used to downwardontinue both thesource andeceiver
fields simultaneously, the prestack imaging condition is
easily satisfied by frequency-domain summation, without
the need forcomputing travel timegrom the source to
each image point.

Based on the Marmousgests presented here, Wwelieve
the accuracy and robustness of the phase-screen
migration method have been confirmed faomplex,
synthetic 2D dataThe vast majority of migratecgvents

in Figure 2 correspond to actudlorizons in the
Marmousivelocity model,andthe imagingaccuracy is
reasonably insensitive tthe choice ofrequencyband
and reference velocity. As mentioned, though,
significant errorswereobserved in the shallowenigh-
contrast reflectors when a single model-averaged
referencevelocity was used for  alshot records. In
general these shallow eventsredeeper in thesingle-
reference-velocity image than in the multiple-reference-
velocity image.These erroraverenot propagatedalown
into the deeper parts of the image, however. B&keve
this may be due in part to cancellation séfallow-region
positive errors by approximately equal magnitude
negative errors in thedeeper regions. The target
anticline region itself is not as complex as theust
region above it and, thus, is imaged correctly because the
cumulative phase errors are small when the migrated data
reach the target depth.

Our next goalsare totest the sameode on a real 2D
seismic field surveyand then implement a parallel 3D
version. Becausecommon-shot migratiorcan besasily
parallelized across shot recordand the memory and
computation requirements for phase-screen migration are
not prohibitive, a simple message-passingarallel
computing model can be used. This has been shown to be
an effective approach to parallel 3D migratiéor the
PSPI algorithm (Roberts et al., 1996).

Conclusion

We tested the phase-screen method dommon-shot
prestack depth migration of thdarmousidataset. The
method produced an accurate amdbust image of the
Marmousi velocity model in approximately ©PU hours
on a single-processo8UN SPARCUItra 1 workstation.
An adequate, butkess accurate, imageas obtained in
about 4CPU hours by reducing the number of frequency
components migrated. Because the methork&sonably
insensitive tothe choice of refereneelocities, it
should perform well on reaflata andthe code can be
easily parallelized forprocessing large 3D seismic
surveys.
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